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Real structures of fibrous composites generally 
consist of laminates having layers of unidirectional com- 
posites with different fibre orientations. Design of such 
laminates will require the knowledge of the static and 
fatigue strengtlis in the longitudinal and transverse direc- 
tions as well as in-plane shear strength of unidirectional 
laminae. V^fith this in mind fatigue behaviour of uni direc- 
tionally re inf orced glass fibre epopcy composites has been 
studied. 

Unidirectional coirg)Osite plates were fabricated 
by hand lay out technique in the laboratory. Two fatigue 
testing machines were designed and fabricated. The flexural 
fatigue tests were performed on flat specimens by keeping 



xvii 


their one end fixed and cycling the other end between fixed 
displacement limits with zero mean displacement. Bending 
moment at the fixed end of the specimen was measured by 
means of a dynamometer employing electrical resistance 
strain gauges and was recorded at desired intervals without 
interrupting the fatigue tests. 

Fatigue tests were performed on specimens in which 
fibres were oriented at 0, 10, and 90 degree to the 
longitudinal edge. For each fiber orientation four diffe- 
rent displacement limits were selected so that fatigue life 
of specimens varied from less than 1000 to more than a 
million cycles. At least twenty specimens were tested at 
each displacement limits. For each fibre orientation, -the 
records of bending moment at the fixed end have been used 
to obtain several S - N curves, each of which represents a 
fixed stage of fatigue damage. The ratio of the instanta- 
neous bending moment to the bending moment in first loading 
cycle, Tdiich represents fraction of the stiffness retained 
by the specimens, has been taken as a measure of fatigue 
damage . 

It is observed that the fatigue behaviour of 
composites with different fibre 'orientations are quite 
different. In case of 0 and 10 degree specimens the 
stiffness gradually reduces before failure whereas for 
4-5 and 90 degree specimens significant stiffness drop 
occurs suddenly during fatigue loading. Before this 
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sudden drop, the loss of specimen stiffness Is only 
marginal v/hereas after the drop further loss in stiffness 
is gradual. The 10 degree specimens show a peculiar beha- 
viour in that the stiffness of the specimens appears to 
stabilise at a value lower than the initial stiffness. When 
these specimens are further cycled, no further drop in 
stiffness occurs and no separation is observed even if the 
additional cycles are twice the number of cycles in which 
the stabilised stiffness was first observed. This behaviour 
has been explained through observed crack propagation and 
strain field in the specimen. 

Progressive fatigue damage of specimens has been 
further investigated by cycling additional specimens to 
different fractions of fatigue life for all displacements 
in each orientation. On all these precycled specimens 
static flexural tests to failure were conducted. The 
records of bending moment versus displacement were used to 
obtain residual stiffness and residual strength, A. good 
correlation is obtained among residual dynamic stiffness, 
static stiffness and strength. Different fatigue laws have 
been proposed from which one can obtain the fatigue strength 
(in terms of strain amplitude) for a given cyclic life from 
static fracture strain only. 



CHAPTER 1 


INTBDDUCTION 

1 .1 INTBODUCTION TO FATIGUE OF COMPOSITES 

Fibre reinforced composites are certainly one of 
the oldest and most widely used form of composite material 
Their study and development have been largely carried out 
due to their vast structural applications. The two out- 
standing features of oriented fibrous composites are their 
specific strength and stiffness and controlled anisotropy. 
High specific strerigth and stiffness make them attractive 
structural materLais where weight saving is at a premium. 
Controlled anisotropy means that the desired ratio of its 
properties values -n different directions can be easily 
obtained. Other advantages of fibrous composites include 
ease of processii.g and structural forms otherwise incon- 
venient or impo jsible to manufacture. Their utilization, 
therefore, in aerospace and transportation industries is 
continuously i- j creasing . 

Most of the structural elements made of fibrous 
composites consist of several distinct layers of unidirec- 
tional laminae. The unit thus formed from two or more 
laminae bonded together to act as an integral structural 
element is called a laminate. Orientations of individual 
laminae are selected such that the laminate has desired 
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properties in all directions and meetd design strength and 
stiffness requirements. Analysis and design of a laminate 
would require a complete knowledge of the behaviour of 
constituent laminae. A lamina, therefore, represents a 
basic building block for laminate construction. Thus, it 
is desirable that all the properties be established for a 
single ply or lamina. Then, one can use laminate theory to 
calculate the properties of la,minates. However, practical 
considerations often prevent the construction of single 
layer test specimen and it becomes necessary to conduct tests 
on multilayered specimens and use appropriate laminate 
theory to reduce the results in terms of lamina properties. 
If the laminates are unidirectional, of course, their beha- 
viour simulates the lamina behaviour. With this in mind, 
present investigations have been carried out on unidirec- 
tional composites. 

The superior strength and stiffness of composite 
materials can be used to full advantages in structural 
applications only when their behaviour under different 
loading conditions is properly understood. Any uncertainty 
in this regard results in the underutilization of material 
properties by use of unusually large margins of safety in 
actual design. Keeping this in mind, fatigue behaviour 
of a unidirectional glass fibre reinforced composite h^s’ 
been studied. 
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It is well known that when materials are subjected 
to repeated fluctuating or alternating loads, they fail even 
though the maximum stress may never exceed the ultimate 
static strength of the material. In other words, the load 
cycling reduces the strength of a material, or the fatigue 
strength of a material is lower than its static strength. 
This is true of almost all existing materials including 
metals, plastic and coii5)osite materials. In service, the 
fatigue loads are usually unavoidable, for this reason 
recent design do not specify static strength alone as a 
primary design criterion but also include fatigue analysis. 
The demand for improved performance of structural materials 
in transportation industries, particularly in aircraft, 
makes fatigue analysis an important consideration. With 
this view fatigue of composite materials has been studied by 
a large number of investigators. Clear design criteria 
similar to the ones which exist for fatigue of metals have 
not yet been established. Ihe present investigations are 
only a step in that direction. 

An important feature of the fatigue of composite' 
materials is that composites exhibit evidence of physical 
damage to the material much before the final fracture. 

The damage may be in one or more forms such as failure of 
fibre matrix interface, matrix cracking, fibre breaking and 
void growth etc. In metals, the appearance of detectable 



damage such as a crack, is generally considered iinsafe 
because it rapidly grows to final fracture* In compo- 
sites, however, it is not necessarily so because although 
initial damage appears very early in fatigue life, its 
propogation is not rapid for the major part of the fatigue 
life. The damage in individual plies generally causes 
lowering of mechanical properties of the laminate 
and could eventually lead to its structural failure, 

e.g,, excessive deformation. However, this may happen 

\ 

long before the laminate is in any danger of fracturing • 
Thus > the definition of failure in composite materials 
may change from one application to another. In an appli- 
cation, where deformation has to be limited, loss of 
stiffness by a fixed percentage of the original stiffness 
is the failure oriterLon and failure is expected to occur 
much earlier than in another application in which the 
separation is the criterion. With metals, the two cri- 
teria practically coincide because they exhibit little 
change in stiffness unless cracking is extensive, 

1,2 LITEMTUEE SURVEY 

Investigations of Boiler [1, 2] and Davis, 
McCarthy and Schurb [ 3 ] are among the earliest studies 
on fatigue of fibre reinforced con^osites. Their stu- 
dies were performed on glass fibre reinforced plastics 



in which several parameters were varied, such as fiber 
content, orientation of fibres, type of weave, type of 
resin (thermosetting and theimo-plastic) , mean stress, 
temperatures, etc. Although their results are nearly 
twenty years old, they are still quoted for relative 
ranking of matrix materials and many other parameters. 
Broutman and Sahu [^] working with a glass epoxy-eross 
ply composite were probably the first to recognise that 
the process of fatigue damage in fibre reinforced compo- 
sites is progressive. Mechanical properties of these 
materials progressively clnteri-orate during fatigue' 
cycling due to internal cracking. Dally and Agarwal 
i5 1 6 ] confirmed this behaviour and also obtained a quan- 
titative relationship between modulus change and crack 
density for an E - glass epoxy c,ross-ply laminate. Glass 
cloth reinforced polyester resins have also been observed 
to exhibit similar behaviour [7, 8 1 . It has been 
reported that the residual interlaminar shear strength 
follows the same trend as residual tensile strength, Hahn 
and Kim 19 3? while studying fatigue of glass-epoxy angle 
ply laminates observed that the secant modulus of material 
decreases due to exposure to fatigue loading and indlca- 

9 

ted that the decrease in secant modulus is related to 
internal damage, Phillips and Scott [10, 11] have obser- 
ved that damage during shear fatigue of unidirectional 
carbcn fibre reinforced epoxy is progressive. More 
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recently Agarwal and Jone;3a [12, 13 liiave reported that 
damage to midirectional glass epo3cy composite during cons- 
tant deflection flexural fatigue is also progressive when 
the specimens loaded in the transverse direction or at 
4-5° to the fibre directions* 

There have been several studies [4-, 6, 14-, 1^, 

16, 17] to investigate mechanism of damage initiation and 
propagation during fatigue of composite laminates. It has_ 
been established that the damage first initiates by debond- 
ing of fibre in the fibre rich region of the plies in which 
the fibres lie perpendicular to the loading directim. The 
cracks are known to appear during the first cycle of load- 
ing itself even when maximum cyclic stress is only 20^ 
of the ultimate stress [ 4- ], The initial damage in randomly 
oriented fibrous composites also cammencesin a similar 
manner [15 1 • The initial damage is associated in this 
case also, with the strands lying perpendicular to the line 
of load* In cross-ply materials j the cracks in the longitu- 
dinal ply and delamination cracks appear much latter in the 
fatigue life. However, these cracks are responsible for 
final fracture of the composites [4-, 51* Internal damage 
to the material during fatigue loading is manifested 
through changes in structural properties, such as static 
and dynamic modulus, strength and t^perature rise. 

Attempts have been made to correlate the changes in struc- 
tural properties with internal damages. Non-destructive 
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inspection techniques, such as ultrasonics, holographic 
interfercmetiy , X-ray radiography, etc., are being developed 
for detection of fatigue damage El8l. 

Fatigue behaviour of composite materials is 
influenced by various material and testing variables such 
as type of matrix, ply orientation, volume fraction of rein- 
forcement, interface condition, type of loading, mean 
stress, frequency and environment etc. Influence of type of 
matrix has been studied by Boiler [2] and Iteivis et alESl* 

Of the Various thermosetting resins commonly used in glass 
fibre laminates, the best fatigue properties are obtained 
with epoxy resins. Superiority of epoxy resin is attributed 
due to their inherent toughness and durability. Fatigue 
strength of composites increases with increasing glass con- 
tent both in axial fatigue and rotating bending fatigue 
17} 8]. Hofer et al studied the effect of interfacial bond 
strength on the fatigue of composites I19l« The influence 
of mean stress on fatigue strength has been studied by many 
investigators [ 1 , 7, 15, 16, 20], For a fixed cyclic life 
fatigue strength of composite decreases as the mean stress 
increases, as in metals. The fatigue life of fibre rein- 
forced epoxy and polyester is only modestly influenced by 
the frequency effects [ 21 ]. This insensitivity of the 
fatigue life to the frequency and resulting temperature 
rise is probably due to the fact that the properties of 
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glass fibres, which are the primary load bearing members 
in the composites, remain unaffected at these temperatures. 
Phillips, Scott and Buckley [22 1 studied the effect of 
moisture on the shear fatigue of carbon fibre, glass fibre 
and Kevlar - ^9 fibre reinforced epoxy resins and obseived 
that absorbed water causes significant decrease in their 
strengths. 

An almost infinite variety of laminates can be 
used for structural applications. Once it has been decided 
to usea specific -laminate one _ may obtain its fatigue eharac- 
teri sties through experiments. However, the experimental 
methods can be used to obtain guidelines for choice of some 
simple equations which can be used in design analysis. 
Broutman and Sahu C 23 lhave proposed a theory to predict 
loss of strength due to fatigue. Agarwal and Dally [6 1 
and Hahn and Kim [9 1 have proposed linear relation^ips 
between cyclic stress and fatigue life. However, these 
theories [6, 9, 231 cannot be used in design analysis because 
they predict fatigue strength of a laminate only in a spe- 
cific direction and do not predict the angular dependence 
of fatigue strength. 

To the best of the author's kiiowl'edga--05:^y?fBW 
studies have been performed to develop failure theory for 
fatigue strength of laminates. Hashin and Rotem [2^1 have 

of 

proposed that ratiojjfatigue strength to s-t^Jiratic strength- is 
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a function of stress ratio in fatigue cycling, fatigue 
life, frequency of load cycling and the fibre orientation. 

The function can be detemined through limited experiments 
and, then, can be used to predict the fatigue strength. 

Their limited experiments show good agreement with their 
prediction. Sims and Brogdon [25^ have extended the Tsai - 
Hill ( 26] failure theory for static strength to fatigue 
strength. Their work has shown that the Tsai - Hill fai- 
lure theory may be adopted to predict the angular dependence 
of fatigue strength. Different possibilities in this regard 
have been explored in the present work. 

Different reviews[27i 28, 29, 30] on fatigue.^ of com- 
posite materials have been very helpful in selecting the 
present problem for investigation, 

1 ,3 PKESMT WOEK 

In the present work unidirectional composite 
plates were fabricated by hand layout technique in the 
laboratory. It was decided to perform the fatigue tests 
in alternating bending because real structures are more 
often subjected to bending stresses and also because very 
little work appears to have been done on flexural fatigue 
of composites. Two testing machines were designed and 
fabricated. The experimental details along,^ static mate- 
rial characterization have been discussed in Chapter 2, 
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Fatigue tests were performed on specimens in which fibres 
were oriented at 0, 10, ^5 and 90 degree to the longitudinal 
edge. For each fibre orientation different displacement 
limits were selected so that fatigue life of specinen varied 
from less than 1000 to more than a million cycles. Measure- 
ments have been made to study and analyse progressive fatigue 
damage of specimens. The fatigue results are discussed in 
Chapter 3* Different failure theories have been examined 
in Chapter 4-. Conclusions drawn from the investigations 
and some suggestions for future work have been given in 
Chapter 5* 



CHAPTEE 2 


TESTING SYSTMS AND MATEEIALS : DESIGN, EABEICATION 
AND CHARACTEEIZATION 

2.1 TESTING SYSTMS 

In many applications, fibre reinforced composites 
are subjected to primarily bending loads. For a more 
realistic understanding of material behaviour, it is desi- 
rable that they are characterised through flexural tests. 

It was therefore decided to conduct fatigue tests on compo- 
site materials in flexural mode. Out of the fatigue testing 
machines available in this country none could be used for 
the purpose. Therefore, two fatigue testing machines were 
designed, fabricated, instrimiented and used in the present 
studies. It is known that the ratio of static strengths in 
the longitudinal and transverse directions of a unidirec- 
tional composite material depends upon the type and the 
volume fraction of fibres and it is large for composites 
of practical in^jortance. Since the fatigue tests were to 
be performed in the longitudinal as well as transverse direc- 
tions, it was deemed appropriate to design separate machines. 
Moreover, availability of two machines greatly reduced 
overall testing time. Basic design of both the machines 
was same. Design and dimensions of some components and 
linkages were changed to suit different specimens in cyclic 
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bending. The specimens were fixed at one end while the 
other end was cycled between known transverse displacement 
limits (displacements perpendicular to the plane of the 
specimen) with zero mean displacement. This cycling produ- 
ces alternating tensile and compressive bending stresses in 
the specimen. Schematic diagram of testing machines is 
shown in Fig, 2,1. One end of the specimen is fixed in 
grips which in turn are mounted on a dynamometer. The 
grips can be removed and replaced by another set to suit 
any specimen dimensions. Grips were designed to ensure 
proper gripping and alignment of the specimens. Schematic 
diagram of the grips is shown in Fig, 2 . 2 . 

The dynamometers, on ■vdiich the grips are mounted, 
have been designed and fabricated so that they are used to 
measure the bending moment at the fixed end of specimens. 

In the low capacity machine in which small bending moments 
are expected to be encountered, a simple octagonal ring 
type dynamometer is provided. In the high capacity machine 
a sturdier extended ring type dynamometer is provided. 

Each dynamometer eiiploys four electrical resistance strain 
gauges K-5-118 (a product of Eohits and Con^Dany, India) 
protected from environment. Schematic diagrams of the two 
dynamometers along with the positions of strain gauges are 
shown in Fig. 2,3* The strain gauges have been connected 
to form Wheatstone bridge (also shown in Fig, 2.3) such 
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Fig. 2.1 Schematic diagram of flexural fatigue testing machine 
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that the output of the bridge is proportional to bending 
moment at the fixed end. Since arms of the bridges have 
active identical gauges, the bridges are automatically 
ten^jerature compensated. The output of the bridge is mea- 
sured by means of Budd strain indicator. The output can be 
read directly in the strain indicator or it can be displayed 
in an oscilloscope or recorded in a visicorder or any other 
recording instrument. The dynamometers were calibrated 
using a thick mild steel specimen. Increasing loads through 
standard weights were applied at a known distance from fixed 
end. Bending moment at the fixed end was calculated from 
the geometry. Plots of the dynamometer outputs are shown 
as a function of calculated bending moment in Figs. 2.^ (a) 
and 2,k (b). It can be seen that the calibration curves are 
linear upto the applied bending moments which are much more 
than the bending moments expected during the fatigue tests. 
Further, through approximate calculations based on endurance 
limit of dynamometer material, it was established that the 
maximum allowable bending moment for the low capacity ring 
type dynamometer is 5 N-m and. that for the extended ring 
type dynamometer is 100 N-m, It was also established that 
the natural frequencies of txfo dynamometers are much smaller 
than the expected frequencies of fatigue cycling. 

Each dynamometer is mounted on a rigid column 
with its base fixed in the foundation. The dynamometers 
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are mounted "by means of screws and can be removed if 
necessary. 

The second end of the specimen is placed in a 
specimen holder througli which transverse displacement is 
provided to this end. For the low capacity machine in which 
only small displacements are given to the specimens, the 
specimen holder has a simple design as shown in Fig. 2.^ (a). 
It consists of a rigid fork type frame with two screws 
having rounded ends. The screws are made to touch the top 
and the bottom surfaces of the specimen in its natural posi- 
tion and locked in the position through locknuts so that the 
position does not get disturbed during fatigue cycling. 

Care is taken to see that the screws do not press hard aga- 
inst the specimens and permit relative slip during bending 
so that no axial strain is introduced in the specimens. In 
the high capacity machine larger displacements are given to 
the specimens for producing high stresses in the specimens. 
These large displacements cause free end of the specimen 
to deform to a finite curvature. In order to avoid axial 
strain in such cases it is necessary that the point of 
loading is permitted to shift slightly along the length of 
the specimen. This has been achieved by placing the speci- 
men$ between two cylindrical rollers which are free to 
rotate in the bearings whereas the bearing themselves are 
free to move back and forth in the T - slots provided in 
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the specimen holder. The schematic diagram of this type 
of specimen holder is sho>m in Fig, 2.5 (t). Positions of 
the rollers in the imdeformed and deformed states of speci- 
men are schematically shown in Fig, 2,5 (c, d) . It is 
clear that if the rollers were fixed in positions they 
could cause axial strain as well as compressive stress nor- 
mal to the plane of the plate which can cause transverse 
splitting due to Poisson's effect. 

The specimen holder is momted on a cylindrical 
rod which is moved up and down through a guide. Vertical 
motion to the rod is provided through a circular pin 
eccentrically mounted on a rotating disc. Motion of the 
pin is transferred to the rod through hearings mounted on 
the pins. The bearings are free to rotate on the pin and 
they move a rectangrCLar guide rigidly connected to the 
vertical rod. Since bearing can freely move in smooth 
horizontal surfaces of the guide, the horizontal movement 
of the pin is not transferred to the rod and only its ver- 
tical moment is transferred to the rod* The amplitude of 
displacement of the rod (and also of the specimen) from 
neutral position is equal to the eccentricity of the pin. 
Thus, amplitude of displacement can be changed by changing 
the eccentricity of the pin. Rotations of the guide about 
horizontal axes are suppressed by providing adequate 
constraints. Details of the diiving link (rectangular 
guide and pin) are illustrated through a separate 
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Fig. 2.5 Schematic diagrams of specimen holders 

(a) low capacity machine and (b) high capacity 
machine; position of the rollers with specimens 
(c)undeformed and (d) deformed (dotted circle 
shows the position if the roller axes were fixed 
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diagram in Fig. 2.1, It may be noted that the vertical 
motion of the specimen end ttius obtained is simple harmonic 
so that the changes in velocity and acceleration are smooth. 

Drive to the disc is provided by an electrical 
motor. In case of low capacity machine the disc is directly 
mounted on a 1/8 H.P. A,G,/D,C, motor. In case of high 
capacity machine the drive is provided through a belt and 
pulley arrangement. In this case the disc is quite thick 
and acts also as a flywheel to smoother the motion. Speed 
of the motor in low capacity machine can be varied conti- 
nuously from a very low speed to VOOO rpm with the help of 
auto-transformer. In case of high capacity machine it can 
be changed by changing the size of the pulley on the motor 
shaft. Fatigue tests in all cases were carried out at low 
speeds which cause no significant heating of the specimens. 
Digital counters were employed to register the number of 
cycles . 

Photographs showing overall views of the two 
machines are shown in Figs. 2.6 and 2.7* Some important 
components of the machines are shown in Fig, 2,8. 

2 . 2 MATERIAL FABKE C ATI ON 

Present studies were performed on a continuous 
E - glass fibre (a product of Fibre Glass Pilkington of 
India Ltd.) reinforced epoxy resin Araldite LY 55^3 cured 
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Fig. 2.6 Overall view of the low capacity flexural 
fatigue testing machine 



Low capacity machine 
. Dynamometer 
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by a hardener designated as HY 551 (Products of CIBA 
Greigry India Ltd. ) , Glass epoxy system is probably the 
most widely used fibre reinforced material. Unidirec- 
tional prepregs of glass epoxy ara not commercially availa- 
ble in India. It was, therefore, decided to fabricate the 
material in the laboratory to maintain a good quality con- 
trol of the material. 

Plates of unidirectional con^josite were cast 
between two 30 mm thick mild steel mould plates separated 
by washers of 3.3 nim thiclmess, A rectangular frame whose 
inner dimensions are larger than the mould plates, was 
fabricated from a 12 ram thick aluminium flat. Two rows of 
equispaced screws have been provided on the opposite sides 
of the frame. This frame has been used for laying the 
fibres uni directionally as shown schematically in Fig. 2.9, 
Screws act as pegs for fibres during winding and can with- 
stand tension in fibres. Untwisted fibres from the roving 
were laid down uniformly over the required area of the frame- 
The fibres were laid down three times over the area to 
achieve required thickness of the plate, After laying the 
fibres, the frame is placed around the lo\'7er moiXId plate so 
that the fibres are on top surface of the plate. Nearly 
one-third of the total resin mixed with curing agent was 
spread on top surface of mould plate before placing the 
fibres and the remaining is poured on the fibres and spread 




Fig. 2.9 Frame for fibre winding 
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by brushing it gently. To enhance wetting, the matrix was 
tapped and dabbed with spatula. The material was gently 
rolled x-zith a rubber roller after placing a mylar sheet 
on the top. This removes the entrapped air. The second 
mould plate is then placed on the top. The top mould plate 
rests on the separating xirashers so that the thickness of the 
plate being cast is the same as the thickness of the washers. 
The mould plate applies a uniform pressure due to its own 
weight and due to tightening of nuts on the bolts going 
through both the mould plates. Excess resin gets squeezed 
out to the sides. With the help of a dial gauge, it is 
ensured at different stages that the surfaces of the mould 
plates are horizontal and do not deform at any position, A 
good surface finish©^: of composite plates is obtained by pla- 
cing mylar sheets on the faces of both mould plates. Fig- 
ure 2.10 (a) shows lower mould plate and frame around it 
before placing the top mould plate. Figure 2,10 (b) shows 
a cured plate before being removed from the frame. 

The plates were cured at room ten 5 )erature for two 
days and post cured in an oven at 80 °C for h hours. The 
cured plates exhibit 4-2^ glass fibres by wei^t (approxi- 
mate volume fraction equal to 25^). Variation in the 
thickness of the cured plate was found to be small except 
near the edges which were discarded. The plates obtained 
have a uniform distribution of fibres. Photomicrograph 
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lower mould plate and 

(b) cured plate before being removed from the 
frame 
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of a typical cross-section of a specimen is shown in 
Fig. 2.11. 

Rectangular specimens were cut from the plates by 
keeping fibres at 0, 10, and 90 degree to the longitudi- 
nal edge of the specimens. Edges of the specimens were 
finished in a routing machine. Size of the specimens with 
different fibre orientation have been discussed in a later 
section • 

2.3 MATERIAL CHARACTERIZATION 


Elastic constants and static strength of the 
material were obtained in tension as well as in bending. 
Static tension tests were performed on straight sided speci- 
mens with end tabs in an Instron machine. Load cell recor- 


ded the applied load whereas strains were measured by means 
of electrical resistance strain gauges fixed on the specimens. 
Elastic moduli in the longitudinal and transverse directions, 


Poisson’s ratio ( longitudinal and transverse ten- 

sile strengths were obtained through tension tests on 


specimens Tf/ith fibers parallel and perpendicular to the 


applied load. Shear modulus shear strength 

( were obtained indirectly by conducting tension 

tests on off-axis specimens in which off-axis modulus and 


strength were evaluated. From the knowledge of an off- 


axis modulus, F^, shear mod-ulus, can be calculated 

using the following transformation equation; 
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Fig.2.11 Photo- micrograph of a typical cross-section 
of a specimen 
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•where Ej^ and are elastic moduli in longitudinal and 

transverse directions and 0 is the angle between the 
fibres and the load axis. For calculating shear streng'th, 
it was observed that the off-axis specimens loaded in tension 
fail due to matrix failure alone in tension and or in diear. 


Thus, from the knowledge of an off-axis tensile strength, 
shear strength can be calculated using the following failure 
criterion : 


Sin^ 0 . Sin^ 0 

— 5 + -2 
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where and are transverse and off-axis tensile 

strengths. This criterion can be obtained from the maximum 
work failure criterion for composite materials by neglecting 
terms arising due to fibre failure. Hashin and Eotem [ 24] 
have found that this criterion accurately predicts off-axis 
strength. In the present work,' off-axis tension tests were 
conducted on specimens -with fibre orientations of 10 and 45" 
degree. Values of shear strength calculated from off-axis 
tensile strengths with different fibre orientations were 
fo'und to be within 3 percent of each other. Average pro- 
perties of material are shown in table 2.1. Properties 
are an average of values obtained from at least three 
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Longitudinal modulus, 32.17 


(GN/m^) 


Transverse modulus, 


(GN/m^) 


8.28 


19.86 


5.36 


Shear modulus, 
(GN/m^) 


^.75 


2. if 9 


P oi s son • s rati o, 


0.366 


Longitudinal strength, 381.80 'ifOO.OO- 


(MW/m^) 


Transverse strength, 


2 ' 5.10 


36.00 


Shear strength, 
(MN/m^) 


35.i^5 


33.18 
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different specimens in each case. It was observed that the 
variation in properties for different specimens is within 
the expected accuracy of experimental measurements. This 
indicated uniform quality of material fabricated. It was 
also observed that the tensile stress-strain curves for all 
fibre orientations are nearly linear upto failure. 


Hexural tests were perfoimed on the machine 
designed and fabricated for fatigue testing. Flat specimens 
were fixed at one end and the load was applied to the other 
end. Bending moment at fixed end was measured by means of 
dynamometer and the deflection at tie free end was measured 
with the help of a unislide ■v^ich has ^ least-co\mt of ’. 05 .™!. 


Elastic modulus in bending was calculated from the following 
expression 


_ M if 

~ 6 31 


(2.3) 


M 

where — is initial slope of bending moment versus dis- 
placement curve, 1 is the free length of the specimen 
and I moment of inertia of the cross-section of the beam with 
respect to neutral axis. When the tests are conducted on 
the off-axis specimens the off-axis modulus calculated from 
Eq. (2.3) has a small error as will be discussed in^later 
section. However, length to width ratio was kept to make 
the error negligible. Shear modulus in bending also was 
calculated from the l^owledge of off-axis modulus using 
transfoimation Eq, (2.1). 
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Flexural strength is calculated from the knowledge 
of hen ding moment at failure. The following equation was 
used to calculate the flexural strength 


a 


U 


M. 


V 

'1 


h 

2 


(2.4) 


where is the maximum bending moment, and h is the thick- 

ness of the specimen. Again, the error in off-axis strength 
are negligible because the length to width ratio was large. 
Shear strength in bending was obtained from knowledge of off- 
axis strength using Eq. (2.2). Flexural properties of 
material are also given in Table 2.1. 


2.4 ANALYSIS OF OFF-AXIS SPECIMEN DIMEJTSIONS 

It is known that the off-axis specimens in flexure 
as well as in tension show shear coupling effects and hence 
present difficulties in achieving desired boundary conditions. 
Halpin et al [ 31 ] and Whitney and Dauksys [32 ] have shown 
that when it is desired to perform tests on off-axis speci- 
mens the results may be significantly affected by the shear 
coupling effects. The effects of shear coupling, however, 
can be reduced by selecting proper dimensions of the speci- 
men. In the present case the specimen dimensions have been 
selected such that the error in the measurement of bending 
modulus is less than five percent. 

Whitney and Dauksys' analysis [321 of a three 
point bending off-axis specimen has been modified to obtain 
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appropriate dimensions for a cantilever specimen. Whitney’s 
analysis is based on comparing the deflection calculated 
from exact laminated plate theory and from Euler - Bernoulli 
theory. In case of cantilever, the following relation bet- 
ween the apparent modulus as cal ciliated from the free end 
deflection using Euler-Bemoulli theory and the actual bend- 
ing modulus can be obtained by equating measured deflections 
to the deflection predicted by laminated plate theory: 

^xk = 7 r^^-i z—; (2.5) 

h - E ( 1 I - R ^ 


where ^ ^ with b being width and 1 being length 

of the cantilever beam. and elements of 

compliance matrix referred to the beam axis and are given 
in terms of elastic constants in principal directions, by 
the following equations : 
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where 0 is the angle between the specimen axis and the 
fibre direction. 


Off-axis tests were conducted with fibre orienta- 
tion of 10 and degree. Value of R was kept 0,04-8 for 
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45° specimens and 0,054 for 10° specimens. Table 2,2 shows 
that the ratio of apparent to actual modulus is close to 
one in both cases. Thus, the selected specimen dimensions 
were assumed to be appropriate. Specimens dimensions for 
off-axis as well as longitudinal and transverse specimens 
are shown in Fig, 2,12, 


Table 2,2: Ea^tio of Apparent to Actual Modulus for 
Off-Axis Specimens 


Q 

(degree) 

R 

®12 

(m^/GN) 

^16 

(m^/GN) 



% 

10 

0,054 

O..OI 3 

0.026 

1 . o 4 


0.048 

0.028 

0.045 

1.02 



Thickness = 3.3 

Dimensions are in mm 

Dimensions of test specimens (a) longitudinal 
and transverse, (b) 45** and (c) 10** 
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CHAPTER III 


FATIGUE TESTS: RESULTS AND DISCUSSIOUS 

With a view of developing understanding of fatigue 
behaviour of unidirectional composites in an arbitrary 
direction, fatigue behaviour of the glass fibre reinforced 
epoxy has been studied along the natural material axes 
(longitudinal and transverse) and along two off-axis direc- 
tions. Fiber orientations selected for the off-axis tests 
were 10 and degree. Flexural fatigue tests were perfor- 
med on flat specimens prepared from the material fabricated 
in the laboratory. One end of the specimen was fixed while 
the other end was cycled between known displacement limits 
with zero mean displacement. For each fibre orientation, 
four different displacement limits were selected so that 
fatigue life varied from less than one thousand to more 
than a million cycles. When a specimen did not break at 10^ 
cycles, the test was discontinued and the specimen was 
assumed to be a runout. Bending moment at the fixed end was 
measured by means of a dynamometer and was recorded at 
desired intervals without interrupting the fatigue tests. 
For each fibre orientation records of bending moment have 
been used to obtain several (S - H) curves each of which 
represents a fixed stage of fatigue damage. Fraction of 
the stiffness retained by the specimen during fatigue 
cycling has been taken a measure of fatigue damage. The 
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stiffness retained has been calciolated from the ratio of 
instantaneous bending moment to the biding moment in 
first loading cycle. 

Progressive fatigue damage of specimens has been 
further investigated by cycling additional specimens to 
different fractions of fatigue life for all displacemoits 
in each orientation. Static flexural tests to failure were 
conducted on these precycled specimens. The residual stiff- 
ness and the residual strength were measui^d to study the 
effect of fatigue cycling on the static properties of the 
specimens. 

3.1 LONGITUDINAL FATIGUE BEHAVIOUR 

Longitudinal fatigue strength is obtained by 
conducting tests on specimens having fibres parallel to 
the axis of the specimen. In the present investigations, 
longitudinal fatigue specimens (dimensions shown in Fig. 
2.12) were subjected to four different displacement ampli- 
tudes namely 23.5, 27 , 33 and mm which produce strain 
amplitudes of 0.77, 0.88, 1.07 and 1.35 percent respectively 
at the fixed end of the specimens. The tests were perfor- 
med on high capacity machine at frequencies between 6 and 
8 Hz, 

EesifLts of fatigue tests on longitudinal speci- 
mens are given in Table 3*1 and shown graphically in Pig. 
3,1. Each point in the figure corresponds to one specimen^ 
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Table B*”! J Fatigue Life of Longitudinal Specimens at 
Different Strain Amplitudes 


e = 0 , 77 ^ 

^ e = 0 » 88 ^ 

[e= 1 . 07 ^ § 

e = 1 . 35 ^ 

1,070,000 

33^,508 

7,320 

202 

9 ^ 0 , 0^0 

332,709 

6,248 

178 

929,021 

330,040 

5,863 

163 

722,10^ 

320,500 

4,908 

150 

72 if ,758 

190,502 

4,553 

132 


168,103 

4,184 

102 


110,527 

3,551 

93 

15 Eunouts 

89,255 

2,960 

•85 

at one 

74,848 

2,698 

83 


60,114 

2,187 

76 

million 

53,050 

1 ,921 
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cycles 

50,131 

1,902 
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45,540 

1 ,498 

71 


44,050 

1,390 

68 


43,525 

1,205 

64 


37,351 

1 ,120 

49 


34,509 

990 

46 


33,750 

931 

45 


33,512 

853 

4 o 


32,228 

754 
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and the cyclic life corresponds to total fracture or the 

separation of the specimen. It is observed that the fatigue 
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life varies between twenty cycles to more than 10 cycles. 
General nature of the curve is as expected in that the 
fatigue life increases as the cyclic strain decreases. The 
two solid curves indicate 0 and 100 percent probability of 
failure. It is observed that the two curves are nearly 
one decade apart, that is, at all strain levels there is a 
scatter of one order of magnitude in fatigue life. 

Bending moment at the fixed end of the specimens 
was measured at desired intervals during fatigue cycling 
and recorded on a Visicorder. This was done for several 
specimens in each set of specimen tested at a fixed strain 
amplitude. Typical variation in cyclic bending moment 
normalised with respect to the first cycle bending mcsnent 
is shovmi in Big. 3*2 as a function of fraction of fatigue 
life. It is observed that for all strain limits cyclic 
bending moment continuously decreases. The normalised 
bending moment represents fraction of stiffness retained 
by the specimens. Fig. 3*2 shows that the specimens subjec- 
ted to smaller strain amplitudes (larger life) lose greater 
fraction of stiffness at relatively smaller fraction of 
fatigtie life in the initial stages of fatigue cycljjig 
whereas the specimens subjected to larger strain ampli- 
tudes show a more gradual loss of stiffness for most part 
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Fig. 3.2 Variation of normalised bending moment or stiffness with 
fraction of fatigue life for different strain limits 
(longitudinal specimens) 


of their fatigue life. It has "been ohserved that at strain 
amplitudes of 0,77 and 0.88^ stiffness reduces to of 
the initial stiffness in little more than half the fatigue 
cycles whereas the remaining 2 ^% stiffness is lost in remain- 
ing cycles. For strain amplitudes of 1.07 and 1 . 35 ^> the 
last 2 ^% stiffness is lost in only few cycles (less than 
10^ of fatigue life). The loss of stiffness can be espla- 
ined as follows with the help of progressive damage 
occuring to the specimens. 

Failure in longitudinal specimens subjected to 
flexural fatigue initiates by failure of fibres in the outer 
layers at the fixed end. The fibre failures cause a reduc- 
tion in specimen stiffness. The next stage of damage is a 
delamination crack parallel to the surface of the specimen 
which further reduces effectiveness of the broken fibres. 
Photograph in Fig. 3*3 (a) shows tliis stage of damage in which 
the outer layer of fibres are broken and delamination crack has 
occurred, the number of cycles increases, fibres in 

the inner layers break and more delamination cracks are 
formed. However, the delamination cracks in the inner 
layers propogate to smaller lengths compared to those in 
the outer layers. In specimens subjected to smaller strain 
amplitudes, innermost layer is able to sustain large num- 
ber of cycles because the low strain requires larger nuraber 
of cycles to cause final failure. In the specimens subjec- 
ted to larger strain amplitudes, the innermost layer is 
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(b) top view of a fractured longitudinal specimen 
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able to sustain only a much smaller number of cycles. The 
overall specimen fracture appears relatively sharp because 
it occurs at the fixed end. (Fig, 3,3 (b)). 

From the knowledge of instantaneous stiffness of 
specimens during fatigue cycling as indicated by the ratio 
of the instantaneous bending moment to the original bend- 
ing moment at the fixed end, several S-N curves have been 
dravm, each of which indicates a fixed stage of material 
damage. These S-N curves are shown in Fig, 3.4. Salkind 
[27] has argued that this kind of representation of fatigue 
results is more appropriate compared to a single S-N curve. 
The curves shown in Fig, 3.4 have been drawn by taking 
average number of cycles required to reduce the stiffness 
by a desired value for several specimens tested at a fixed 
strain amplitude. It is observed that at high strain 
amplitudes, curves representing different stages of damage 
are quite far apart which indicates that the damage starts 
early in fatigue life and increases progressively. At low 
strain limits damage starts after a large number of cycles 
although the fraction of fatigue life at which damage 
initiates is still quite small (less than 10^), This ob- 
servation is consistent with the results shown earlier in 
Fig, 3.2, At lower strain amplitudes the curves appear 
to be close because all of them have a much reduced slope 
at these strain limits. 
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Fig. 3.4 S-N curves representing different stages of damage 
in longitudinal specimens 
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Progressive fatigue damage has been further 
investigated by cycling additional specimens to different 
fractions of fatigue life at each strain amplitude. On all 
these precycled specimens static flexural tests to failure 
have been performed. Results of static tests are sho^m in 
Figs. 3*5 to 3*8 as plots of bending moment as a function 
of end deflection. These plots have been used to calculate 
residual stiffnesses and strengths of the specimens at each 
stage of fatigue damage. Residual strength has been directly 
calculated from the bending moment at fracture of a pre- 
cycled specimen. To be consistent with the concept that 
the ratio of instantaneous bending moment to the first 
cycle bending moment is same as the ratio of instantaneous 
dynamic stiffness to first cycle stiffness, the static 
stiffness has been calculated from the ratio of bending 
moment and deflection (M/ 6 ) at an end deflection equal to 
the maximum deflection during fatigue cycling and not from 
the initial slope of the M -5 curve. In each of the 
Figs. 3*^ to 3*8 a vertical dotted line indicates the 
deflection at which M/ 6 is to be obtained for calculating 
static stiffness. The same procedure has been employed 
in later sections as well for calculating static residual 
stiffness of specimens with different fibre orientations. 

The ratios of residual stiffness to initial 

stiffness ) as calculated from Figs. 3*5 to 3*8 are 
®o 

given in Table 3*2 and have been plotted against loss of 
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Fig.3.5 Bending moment vs deflection curves for specimens 
precycled to different stages of damage 
(longitudinal specimens ,€ = 0.77% ) 


Virgin specimen 
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Fig. 3.6 Bending moment vs deflection curves for specimens 
precycled to different stages of damage 
{longitudinal specimens, G= O.B&%) 




Virgin specimen 
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Fig.3.8 Bending moment vs deflection curves for specimens 
precycled to different stages of damage 
(longitudinal specimens, € =1.35%) 
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dynamic stiffness ( — ^ — ) in Fig. 3.9» where ^ has 

^do ^do 

heen taken equal to AM / and obtained from Fig. 3.2 for 

appropriate fraction of fatigue life, Ihe points corres- 
ponding to different strain amplitudes have been plotted in 
the same figure. The points lie very close to the straight 
line : 


E 

1 " 


'R 


= 1 - 


A 

__ 


(3.1) 


”0 ““do 

This indicates that the normalised static stiffness is equal 
to the normalised dynamic stiffness. 


Residual strength as calculated from the bending 
moment at fracture has been plotted as a function of frac- 
tion of fatigue life in Fig. 3.10, The trends exhibited 
by the residual strengths at different strain limits are 
very similar to the ones exhibited by the normalised bend- 
ing moment as shown in Fig, 3*2, Specimens subjected to 
smaller strain amplitudes (larger fatigue life) lose grea- 
ter fraction of strength at relatively smaller fraction of 
fatigue life in the initial stages of fatigue cycling 
whereas the specimens subjected to larger strain an^jlitudes 
show a more gradual loss of strength for most part of their 
fatigue life. 

Residual strength has been plotted as a function 
of loss in stiffness in Fig. 3.11. It is observed that all the 
points lie close to following straight line: 
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Fig. 3.10 Variation of residua! strength witn true 




Fig. 3.11 Variation in normalised residual strength 

with loss in stiffness( longitudinal specimens) 
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The straight line relationship shows a good 
correspondence between residual strength and the residual 
stiffness. Further comments on this correspondence will 
be made in the next chapter where a comparative fatigue 
behaviour for different fibre orientations is presented. 


3,2 TRANSVERSE FATIGUE BEBAVIOUR* 

Transverse fatigue behaviour has been studied by 
performing tests on specimens having fibres perpendicular 
to the axis of the specimen. The transverse fatigue 
specimens (dimensions shown in Fig, 2.12) were subjected to 
four different displacement amplitudes namely 3*6, 4.^5j 
5.^ and 7.0 mm which produce strain amplitudes of 0,22, 
0.27, 0,33 and 0.43 percent respectively at the fixed end 
of the specimens. The tests were performed on low capacity 
machine at a frequency of 10 Hz. 

Results of fatigue tests are given in Table 3-3 
and shown graphically in Fig. 3.12. Each point represents 
one specimen and the cyclic life corresponds to fracture 

*A paper entitled 'Flexural Fatigue Properties of Uni- 
directional Composites in Transverse Direction", based 
on a part of the results discussed in this section has 
been published in "Composites", Vol. 10, No, 1, Jan, 1979* 



Table 3*3 ^ Fatigue Life of Transverse Specimens at 
Different Strain Amplitudes 






e = 0.22^ 

"F 

0 

X 

e = 0.27^ 

D e = 0.33^ 

5 

"1 

0 e = 0,5+3^ 

X 

1 ,000,21^ 


511,012 

225,013 

31,878 

720,000 


5+90,5+81 

210,518 

28,307 

609,385 


5+50,239 

203,5+38 

27,255f 

5+50,988 


5+65+, 387 

181,050 

23,050 

5+12,058 


5+5+0,319 

173,673 

21,501 

3^9,921 


5+30,121 

170,35+8 

20,050 



5+19,280 

138,5i-35 

15,509 



388,719 

118,35+8 

15,000 

15 Runouts 


321,25^0 

112,051 

l5+,5+5i+ 

at one 


290,05+3 

85,050 

12,059 

million 


27^,285 

79,997 

11,503 

cycles 


261 ,3'+8 

77,511 

6,182 



253,5+35 

76,075+ 

6,05+7 



232,151 

75f,057 

,5,897 



219,790 

69,502 

5,108 



185,311 

62,505 

5+ ,5+02 



173,056 

5+6,000 

5+,278 



159,3^3 

5+2,053 

5+,l39 



92,318 

28,255 

5+,053 



81,03^ 

22,519 

3,192 
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or separation. It is observed that fatigue life varies 

6 

from 3000 to 10 cycles. General nature of curve is as 
expected in that fatigue life increases as maximim strain 
decreases. Scatter in fatigue life of transverse specimens 
is also of one order of magnitude as was observed for the 
longitudinal specimens. 

Bending moment at the fixed end of the specimens 
was measured at desired intervals during fatigue cycling 
and recorded on a Visicorder. This was done for several 
specimens in each set of specimens tested at a fixed strain 
amplitude. Typical variation in cyclic bending moment 
normalised irith respect to the first cycle bending moment 
is shown in Fig. 3 *13 as a function of fraction of fatigue 
life on a log scale. Logarithmic scale has been preferred 
in this case to appropriately illustrate significant varia- 
tion in the bending moment at small number of cycles. The 
ratio of bending moment to initial bending moment repre- 
sents fraction of stiffness retained by the composite 
during fatigue loading. It is observed from Fig, 3*13 that 
the specimens retain their original stiffness only for a 
very small fraction (loss than of expected fatigue life, 
A sudden drop in specimen stiffness occurs between 0,2 to 
5^ of cyclic life. Due to this downward drop, the stiff- 
ness reduces to only about 30 ^ of the specimen stiffness 
in the first loading cycle. The sudden drop in stiffness 
is accompanied by a clearly audible sound. The sound and 










accompanying loss of stiffness are caused due to interface 
failure near the fixed end of the specimen. This behaviour 
is different from the one observed for longitudinal speci- 
mens in which no sudden drop in stiffness occurs. However, 
sudden drop in stiffness has been observed for 45 degree 
specimens as will be discussed later. Similar drops in 
stiffness have been reported by other investigators also 
[33 ] • Even beyond the downward drop, stiffness rapidly 
reduces to about 15 /^ of the original stiffness witiain 2 ^% 
of fatigue life. After this, the loss in stiffness is 
extremely slow. The loss of stiffness can be explained as 
follows with the help of damage occurring to the specimens. 

Failure in the transverse specimens initiates 
at the fixed end by debonding of fibres in the surface 
layers. This de bonding occurs very early in fatigue life 
due to large stress concentrations produced by the trans- 
verse fibres. The debonding crack propogates through the 
entire width of the specimen almost instantly. In an xm- 
debonded specimen, the stresses are maximum in the outermost 
layers and account for a large fraction of total bending 
moment at the section. Due to debonding crack the str§sses 
in the outermost layers are relieved so that a sudden drop 
in bending moment is observed. In other words, effective 
stiffness of the specimen is reduced suddenly. The debond- 
ing cracks then propagate from the outer layers to the 



neutral plane (i,e* mid plane) due to stress concent rations 
at the tips of the cracks* This rapid crack propfitgation 
accounts for rapid drop in stiffness beyond the sudden 
drop. The crack propagation stops at a point near the 
neutral plane where the stresses are Tery small. Figure 
is a photograph of three specimens showing cracks 
along ttie entire width of the specimens. Beyond this stage 
the overall specimen stiffness is only about of the 
original stiffness and the stresses in the undebonded 
portion of the cross-section are very smaT 1 so that further 
damage requires a very large number of load cycles, 

S - N curves representing different stages of 
material damage have been drawn in this case also (Fig, 
3 * 15 ) • The left most curve represents sudden drop in 
stiffness to about 30^ of the initial stiffness. The cur- 
ves representing sudden drop and stiffness are quite 
far apart because the loss in transverse stiffness beyond 
the sudden drop is extremely slow. Since the stiffness 
drop (to only 30 % of the original stiffness)is quite severe, 
the left most curve may be taken as the failure curve (to 
be used for design purposes). 

Static tests on precycled specimens were per- 
formed to further investigate progressive fatigue damage. 
Fractions of fatigue life selected for precycling were 
such that the dynamic stiffness of specimens was- ih. -loth 
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cracks across the width in three transverse 
specimens after sudden drop in stiffness 
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Fig. 3.15 S-N curves representing different stages of damage in 
specimens 
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ranges i,e* before and after the sudden drop. Due to poor 
strength of unidirectional composites in the transverse 
direction, the specimens required additional care in 
handling. Results of the static tests to failure are shown 
in Figs. 3.16 to 3.19 as plots of bending moment versus 
end deflection. It is observed that the bending moment 
vs deflection curve for a specimen precycled to a point 
before sudden drop cannot be distinguished from the bend- 
ing moment vs deflection cuive-of a virgin specimen. This 
shows that there is little damage to the specimen before 
sudden drop in stiffness occurs. This observation is 


true for all strain amplitudes. The ratios of residual 

% 

stiffness to intial stiffness (^) as calculated from 

^o 

Figs. 3 .16 to 3.19 are given in Table 3.4- and have been 

AE. 


plotted against loss in dynamic stiffness (• 


0 in 


Fig. 3*20 for all strain limits. Data coiCLd not be obtain- 


ed for normalised dynamic stiffness loss between 0 and 0.7 


due to sudden drop in stiffness which was observed in all 
cases. The available data points in this case also are 
close to the straight line given by Eq. . (3*1) obtained in 
the case of longitudinal fatigue behaviour. The dotted 


portion of straight line in Fig. 3.20 corresponds to the 
range of stiffness in which data could not be taken. 
Thus, normalised static stiffness equals the normalised 
dynamic stiffness in this case also. 




Fig. 3.16 Bending moment vs deflection curves for sp 
precycled to different stages of damage 
(transverse specimens, € = 0.227o| 
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Fig.3.17 Bending moment vs deflection curves for specimens 
precycled to different stages of damage 
(transverse specimens, 6 = 0.27 7©) 
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Fig. 3.18 Bending moment vs deflection curves for specimens 
precycled to different stages of damage 
{transverse specimens, € = 0.33%) 
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Fig. 3.19 Bending moment vs deflection curves for specimens 
precycled to different stages of damage 
(transverse specimens, € =0.43%) 


Tabl© 3 • Batio of Residual Stiffness to Stiffness of a Virgin 

Specimen at Different Fraction of Average Fatigue Life 
for Different Strain Amplitudes (Transverse Specimens), 
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Residual strength as calculated from the bending 
moment at fracture has been plotted as a function of 
fatigue life in Fig. 3.21. The trends exhibited by the 
residual strength at different strain limits are very 
similar to the ones exhibited by the normalised bending 
moment showi in Fig. 3.1 3 • It is again observed that be- 
fore sudden drop there is little loss in strength. After 
the sudden drop residual strength gradually decreases -with 
fraction of cyclic life in a manner similar to the stiff- 
ness retained. Residual strength has been plotted as a 
function of loss in stiffness in Fig. 3.22. Once again 
it is observed that the residual strength is close to that 
predicted by Eq. (3.2) obtained in the case of longitudi- 
nal fatigue behaviour. The dotted portion of line again 
represents the range of stiffness in which data could not 
be obtained due to sudden drop. 

3.3 FATIGUE BEHAVIOUR OF if 5° SPECIMENS’" 

Fatigue tests have been performed on specimens 
having fibres oriented at 45 degree to the specimen axis. 
Displacement amplitudes in fatigue tests were 7.5? 9*5} 

13 and 18 mm which produce strain amplitudes 0.22, 0,28 , 

*A paper entitled "Progressive Damage in GFRP under cons- 
tant deflectioi flexural fatigue" based on part of the 
work described in this section has been accepted for pub- 
lication in Fibre Science and Technology. 




Fraction of fatigue life,-jq— 

Fig.3.21 Variation of residual strength with fraction of 
fatigue life (Transverse specimens) 
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Fig.3.22 Variation of normalized residual strength with 
loss in stiffness ( transverse specimens) 
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0.38 3-nd 0.53 percent respectively at the fixed end of the 
specimen. The tests were performed on low capacity machine 
at a frequency of about 10 Hz. 

Results of fatigue tests are given in Table 3-5 
and shown graphically in Fig. 3.23. Each point in the 
figure represents fatigue life corresponding to fracture 
or separation of the specimen. It is observed that fatigue 
life of specimen varies from less than 100 cycles to more 
than 10^ cycles. Scatter in the fatigue life in this case 
has also been observed to be of one order of magnitude as 
was observed in the two cases discussed earlier. 

Bending moment at the fixed end of the specimens 
was measured at desired intervals for several specimens in 
each set of specimens tested at a fixed strain amplitude. 
Typical variation in the cyclic bending normalised with 
respect to the first cycle bending moment is shown in Fig. 
3.24, It is observed that the loss of stiffness in tiie 
first half of fatigue life is only very marginal. The 
first significant change in stiffness takes place by a 
sudden drop x/hich occurs between 60 to 90 % of fatigue life , 
As strain amplitude decreases, the occurance of sudden 
drop tends to shift to higher fraction of fatigue life. At 
the end of the sudden drop the stiffness reduces to appro- 
ximately half of its first cycle stiffness. The stiffness 
drop is accompanied by a clearly audible sound over an 
interval of few cycles. The sound emanates due to release 
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Table 3.?i 

Fatigue Life of 45° 
Strain Amplitudes 

Specimens 

at Different 

TNT 

e = 0.22^ 

2 

L 

£ — 0 # 28 % 1 

e = 0 c 38^ 

\ e = 0.53^ 

998,780 


153,528 

15,678 

897 

910,325 


140,028 

13,892 

806 

84-5,680 


125,438 

10,737 

785 

834-, 500 


116,357 

10,215 

621 

824-, 7 25 


102,342 

8,978 

585 

817,510 


98,505 

8,250 

402 

810,220 


91,137 

7,818 

391 

692,715 


85,346 

7,624 

362 

620,050 


79,892 

7,411 

338 

520,120 


75,630 

6,522 

303 

510,070 


71,500 

6,000 

290 

450,728 


61,037 

5,638 

281 

435,890 


58,316 

5,227 

265 

425,750 


52,050 

4,915 

245 

320,050 


47,538 

4,527 

226 



44,370 

4,218 

143 

5 Runouts 


42,358 

3,492 

131 

at one 


39,893 

3,259 

122 

million 


31,839 

2,506 

117 

cycles 


22,453 

1,215 

90 



100% Probability of failure 



Fig.3,23 Strain vs fatigue life curves for 45® specimens 
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Fig. 3.24 Variation of normalized bending moment or stiffness 

with fraction of fatigue life for different strain limits 
(45* specimens) 
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of energy during foimation of crack. The crack initiates 
at the fixed end and forms along the length of the fibres 
due to shear failure of the matrix and/or interface 
failure and causes reduction in stiffness. The crack 
becomes visible at the end of the sudden drop in stiffness. 
Figure 3*25 shows a photograph of a specimen \^rith a crack 
and a photomicrograph shows the crack path. Beyond the 
sudden drop, stiffness gradually decreases to 25^ of the 
first cycle stiffness. At this stage, stiffness decreases 
very rapidly and complete separation takes place within 
few cycles. 

The observations conceming loss of stiffness in 
^i-5 degree specimen are qualitatively the same but quan- 
titativeljT- different from those observed in the case of 
transverse specimens. In both cases a significant drop 
in stiffness occurs by a sudden drop which is not observed 
in longitudinal specimens. In ^5 degree specimens, the 
sudden drop occurs after half the fatigue life whereas 
in the transverse specimens it occurs at less than 5^ of 
expected fatigue life* Moreover the sudden drop is very 
severe in the case of transverse specimens reducing stiff- 
ness to about 30 ^ of the original stiffness whereas in the 
case of ^5° specimens sudden drop reduces the stiffness to 
about 50^. The< difference in behaviour can be explained 
through failure mechanisms in the two cases. In case of 
transverse specimen, failure occurs due to interface 
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failure* The crack once initiated propagates very fast 
in thickness direction. It is arrested only near the 
middle plane where the stress is very small. This crack 
at the fixed end runs across the entire width of the spe- 
cimen ; thus making the fibres near the surface completely 
ineffective and consequently a severe sudden drop in stiffness 
occurs. In the specimens failure occurs due to combined 
effect of interface failure and matrix shear failure. 

Crack at the fixed end initiates on one of the longitudinal 
edges and propagates along the length of the fibres. Thus 
crack propagation occurs along the length also. Strain is 
decreasing along the direction of the crack propagation. 

It is therefore expected that depth of crack is decreasing 
in the direction of crack propagation. Therefore, the 
sudden drop is less severe. 

S-N curves representing different stages of 
material damage have been shown in Fig, 3*26. Since the 
three curves representing marginal and ^0^ loss in stiff- 
ness and complete separation are very close to each-other, 
curves for other stiffnesses have not been- shown. The 
curves are expected to be close to each other because 
sudden drop in stiffness occurs after half the fatigue 
life and on a log scale the later half gets squeezed. In 
view of tho closeness of the curves it may be suggested 
that the left most curve be taken as the failure curve 
without being unduly conservative. 



Fracture or separation 



Fig.3.26 S-N curves representing different 
in 45® specimens. 
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Static tests on precycled specimens were perfor- 
med to further investigate the progressive damage* Frac- 
tions of fatigue life selected for precycling were such 
that the dynamic stiffness of the specimens were in both 
ranges, that is, before and after the sudden drop, Records 
of bending moment versus end deflection in these static 
tests are shown in Figs. 3.27 to 3*30. It is observed that 
the bending moment versus deflection curve for a specimen 
precycled to a point before sudden drop cannot be distin- 
guished from the curve for a virgin specimen as in the 
case of transverse specimens. The ratio of residual stiff- 
ness to initial stiffness as calculated from Figs. 

3.27 to 3.30 are given in Table 3.6 and have been plotted 
against loss in dynamic stiffness ( A ) in Fig, 3*31 ^ 

The points for all strain amplitudes have been plotted on 
the same graph. Data could not be obtained for normalised 
dynamLc stiffness loss between 0 and 0,5 due to sudden drop 
in stiffness which was observed in all cases. The available 
data pointsin this case also are close to the straight line 
given by Eq, (3.1) as was observed in the two previous 
cases. The dotted part of straight line in Fig. 3.31 
corresponds to the range of stiffness in which data could 
not be obtained. Thus nontialised static stiffness equals 
the normalised dynamic stiffness in this case also. 

Residual strength has been plotted as a function 
of fraction of fatigue life in Fig, 3,32, The trends 




Fig. 3.27 Bending moment vs deflection curves for specimens 

precycled to different stages of damage 
{ 45° specimens, € = 0.22 % ) 



Fig. 3.28 Bending moment vs deflection curves for specimen 

precycled to different stages of damage 
(45® specimens, € =0,28 7©) 
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Fig. 3.29 Bending moment vs deflection curves for specfir 
precycled to different stages of damage 
{45'^specimens, 6 =0.38%) 
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Fig. 3.30 Bending moment vs deflection curves for 
precycled to different stages of damage 
(45*^ specimens, € = 0.53 %) 
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Fig. 3.31 Normalised residual stiffness vs. loss in dynamic 
stiffness ( 45°specimens ) 
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exiiibitod by the residual strength at different strain 
limits are very similar to the ones exhibited by the nor- 
malised bending moment sho\m in Fig* 3.24, It is again 
observed that before sudden drop, like stiffness, there is 
little loss in strength. After the sudden drop, residual 
strength gradually decreases with fraction of cyclic life 
in a manner similar to the stiffness retained. Residual 
strength has been plotted as a function of loss in stiff- 
ness in Fig, 3.33. Once again it observed that the 
residual strength is close to that predicted by Eq, (3.2) 
as in the previous cases. The dotted portion of line again 
represents the range of stiffness in which data could not 
bo obtained due to sudden drop in the stiffness. 

3.4 FATIGUE BEHAVIOUR QF 10° SPECIMENS'" 


The second fibre orientation selected to study 

the off-axis fatigue behaviour was 10°. Significance of 

10° spochiiens lies in the fadt that ;diGn subjected to 

uniaxial stress they fail imder shear mode of failure and 

o 

many investigators [33 , 34 ] have suggested the use of 10 
specimens to study in— plane shear behaviour of unidirectional 
composites. Displacement amplitudes employed in these 
tests were 25, 30, 35 which produce strain 

amplitudes of 0.53, 0.61, 0.71 and 0.90^ respectively 
A Ttanp'r entitled ”'lrack Propagation in ^ff— Axis ^ 

CoSpSsite 

based on nart of the work discussed in the section was p re 

sonted at^the International Ccnference 

in Engineering Applications held on 26-30 March 1979 at 

Bangalore, India, 



0.22 °/< 
0 . 28 °/ 



Fig. 3.33 Variation in normalized residual strength with 
loss in stiffness (45° specimens) 
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at tlio fixed end of the specimens. Tests were perfoimed 

on the high capacity macaino at frequencies "between 6 and 
8 Hz. 

A peculiar behaviour has been o'bservcd in the 
constant deflection fatigue of 10° specimens. Initially, 
stiffness of these specimens gradually decreases with 
fatigue cycling and later appears to stabili.<'-o at a value 
lower than the first cycle stiffness (at about 50 ^). 
Typical variations in normalised stiffness with number of 
cycles are ^own in Pig. 3.3^. When these specimens are 
further pycled, no further drop in stiffness occurs and no 
separation is observed. In many specimens no change 
occurred oven when the additional cycles were twice the 
number of cycles in which the stabilised stiffness was 
first observed. Nearly zero slope of the curves in Fig. 
3.3^1- at the stabilised stiffness indicates that further 
fatigue cycling at constant deflection does not produce 
additional damage to the specimens. Therefore failure by 
separation is not expected to occur in this case. This 
behaviour will be further explained later in this section 
through observed crack propagation and strain field in 
the specimens. In view of this peculiar behaviour, it was 
decided to assume the failure to have occurred vdien the 
stiffness is first observed to be ^ 0 % of its initial value. 
The minimum number of cycles corresponding to this stiff- 
ness were taken as a fatigue life (N^) for 10 specimens. 
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It may tG pointed out that -the behaTiour is peculiar 
because of the deflection controlled tests. In the case 
of stress or bending moment controlled tests, a continued 
damage to the material and consequently failure by separa- 
tion may bo expected. 

The results of fatigue tests are given in Table 

3.7 and shown graphically in Fig. 3.35'. It is observed 

that the fatigue life of specimens varies between 3000 to 

6 

10 cycles. General nature of the fatigue curves is simi- 
lar to the one observed in earlier cases. Scatter in 
fatigue life appears to be less than one order magnitude. 

Bonding moment at the fixed and was measured at 
desired intervals for several specimens in- each set of 
specimens tested at a fixed strain aiiplitude. Typical 
variation of cyclic bonding moment normalised mth respect 
to the first cycle bending moment is shown as a function 
of fraction of fatigue life in Fig. 3.36. It is observed 
that for each strain amplitude loss in stiffness is pro- 
gressive. There is no sudden drop as was observed in 
transverse and 4-5° specimens. As explained earlier, 
stiffness stabilises to 50/o of the first cycle stiffness. 
This behaviour is different from that of longitudinal 
specimens where stiffness reduces to zero and complete 
fracture takes place. This peculiar behaviour can be 
explained as follows through the crack propagation in 
these specimens. 
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Table 3.7 > Fatigue Life of 10 *^ Specimens at Different 
Strain Amplitudes 



e = 0 . 53 ^ 

5 5 

0 e = 0,6V/a 0 e = 0 . 71 ^ 

_J _ _ 

It 

0 

• 

0 

980,350 

301,250 

71,200 

10,000 

905,758 

292,560 

65,000 

8,900 

860,870 

286,460 

50,000 

7,320 

810,325 

255,000 

49,050 

5,800 

785,000 

249,000 

48,090 

4,700 
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Fig. 3.35 Strain vs fatigue life curves for iO specimens 
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Fatigue damage in the 10 degree specimens initia- 
tes by initiation of a crack at the fixed end on one of the 
longitudinal ec3ges of the specimen. Crack propagates 
towards the free end along the fibre matrix interface (at 
10 degree to the longitudinal edge) due to interface failure 
and/or shear failure of the matrix. In the initial stages 
crack propagates witli a faster rate because of the high 
strain value near the fixed end. Rate of crack propagation 
decreases as the crack tip advances towards the free end 
where the crack tip strain is small. In most specimens 
crack is unable to propagate across the full width of the 
specimen due to the crack tip strain becoming too small to 
cause further failure. It has been further observed that 
the crack front is a three dimensional curve so that as the 
crack propagates in the width and length directions (10*^ 
to the longitudinal edge), it also propagates in the thick- 
ness direction over a small length. However, once the 
crack reaches middle plane of the specimen, it does not 
propagate in the thickness direction. Further propagation 
of the crack takes place with decrease in the depth of the 
crack again due to decrease in strain towards the free 
end. A schematic diagram of the propagation of crack 
front is shown in Fig. 3.37. Fbus, in the specimens in 
which the crack does propagate across the full width of 
the specimen, it does not propagate over the entire thick- 
ness and consequently full separation of the specimens does 
not take place. 
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Ihe cracks uliich initiate at the fixed end and 
propaga1:>e towards the free end of the specimen are formed 
first and therefore, have been referred to as the primary 
crticks'. As a primary crack propagates, the effective 
\iidth. and the load carrying capacity of the cross -sections 
decrease. They cause reduction in stiffness of the speci- 
men, ^biother consequence of this is that the secondary 
cracks initiate at the second longitudinal edge of the 
specimen and propagate in a direction opposite to the 
direction of primary crack propagation. That is, the 
secondap^'- cracks nropagate towards the fixed end. Photo- 
graphs in Fig. 3.38 show three stages of primary and 
secondary cracks in a specimen. It has been observed that 
the secondary cracks propagate at a much faster rate 
because they are propagating into an increasing strain 
field. Further, like primary cracks, depth of the secon- 
daip/ cracks near the fixed end is more than that away from 
it. 

S-IJ curves representing different stages of 
material damage have been shown in Fig. 3*39 • Since 
stiffness stabilises at of the original stiffness, 
curves for stiffness losses of more than could not bo 
dra\m in this case. 

Static tests were perfoimed on specimens pre- 
cycled to different fractions of fatigue life at different 
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Fig. 3.38 Three stages of primary and secondary 
cracks in a 10® specimen 
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strslin amplitudos* Records of bending moment versus 
deflection obtained in these tests are shoTOi in Figs» 

3,lf0 - 3.^3- The ratios of residual stiffness to initial 
stiffness, Ej^/E^, as calculated from Figs, 3.if0 to 3*^3 
are given in Table 3,8 and have been plotted against loss 
in dynamic stiffness, A in Fig. 3,hh, The points 
for different strain anplitudes have been plotted on the 
same graph. The data could not be obtained for the loss 
in stiffness by more than ^0% of the original value. As 
observed in the previous cases, the available data points 
in this case also are close to the straight line given by 
Eq., (3*1 )• The dotted part of straight line corresponds 
to the range of loss of stiffness in which data could not 
be obtained. Thus in this case also normalised static 
stiffness equals the normalised dynamic stiffness. 

Residual strength has been plotted as a function 
of fraction of fatigue life in Fig, 3.^5* The trends 
exhibited by the residual strength at different strain 
amplitudes are similar to the ones exhibited by the nor- 
malised bending moment shovmi in Fig, 3.36, However, one 
difference may be noted that the bending moment stabilises 
at of the first cycle bending moment where as the 
strength drops to about h0% of the virgin static strengih. 
Normalised residual strength has been plotted as a func- 
tion of loss in stiffness in Fig. 3.^8, Once again it is 
observed that available data points are close to that 
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Fig. 3.40 Bending moment vs deflection curves for specimens 
precycled to different stages of damage 
(10** specimens , e = 0.53 % ) 


Virgin specimen 



Dending moment vs deflectron curves for specimens 
precycled to different stages of damage 
( specimens, € =0.61®/©) 
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Fig. 3.43 Bending moment vs deflection curves for specimens 
precycled to different stages of damage 
{ 10® specimens, € = 0.90% ) 
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Fig. 3.44 Normalised residual stiffness vs loss in 

dynamic stiffness ( 10* specimens) 
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Fig. 3.45 Variation of residual strength with fraction 
fatigue life ( 10° specimens ) 
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predicted by Eq. G-2)as in previous cases, Tbe dotted 
portion of the straight line again represents the range 
of stiffness in vliich data could not be obtained due to 
stabilization of the residual stiffness, 

3.5 BMAHCS 

Fatigue behaviour of unidirectional composite 
has been discussed for the different fibre orientations 
in this chapter. Fatigue behaviour has been observed to 
depend upon the fibre orientation. In each case consis- 
tency of observations has been explained. Further, analy- 
sis of results ujJ.1 be presented in the next chapter. 
Based on the analysis, two theories to predict fatigue 
strength have also been proposed. 



CHAPTER IV 


ANALYSIS OF RESULTS AND THEORIES OF FATIGUE 

FAILURE 

lf.1 ANALYSIS OF RESULTS 

Fatigue behaviour of the unidirectional composite 
for different fibre orientations has been discussed in the 
proceeding chapter. For each fibre orientation, qualita- 
tive behaviour has been found consistent with the observed 
failure mechanism. For a better and quantitative under- 
standing of material behaviour an overall picture is 
necessary. A critical examination of the results for diffe- 
rent fibre orientations and their comparative study reveals 
the following: 

1 . The failure initiation and propagation strongly depend 
upon the fibre orientation. In longitudinal specimens 
failure occurs by fracture of fibres whereas in trans- 
verse specimens failure is predominantly interface 
failure. At intermediate angles failure occurs due to 
combined effect of shear failure and interface failure. 
Fibre fracture is not observed even for small fibre 
orientation of 10 degree. At small angles (e.g.j 
10°) shear failure plays more predominant role than 
the interface failure whereas at increasing angles 
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(e*g,j 45 ), interface failure also iDecomes an impor- 
tant factor. 

2 • Interf ace failure is sudden whereas the fracture of 
fibres and shear failure are relatively gradual. 
Therefore, specimens in which interface plays an impor- 
tant role in transmitting the load, such as the trans- 
verse specimens, lose stiffness and strength very 
rapidly upon failure initiation. This is why no 
sudden drop occurs in longitudinal and 10 degree speci- 
mens, whereas sudden drops are observed in degree 
and transverse specimens. Moreover, due to predomi- 
nance of Interface in the transverse specimens, sudden 
drop in stiffness and strength occurs earlier in fatigue 
life and is more severe compared to that observed in 
the 45 degree specimens. 

3. Strain ainplitude versus average fatigue life curves for 
different fibre orientations are sho^jn in Fig. 4.1. 
Failure criteria adopted for drawing this figure are 
consistent with the suggested fatigue design curves for 
different fibre orientations as discussed in tiie pre- 
vious chapter. This means that the failure criterion 
for the longitudinal specimen is complete separation, 
stabilisation of stiffness for 10 degree specimens and 
sudden drop in stiffness for transverse and 45 degree 
specimens. The experimental points shown in the 




Fig.4.1 Strain amplitude vs average fatigue life fo 
different fibre orientations 
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figure represent average fatigue life at the indicated 
strain amplitude. In each case a straight line shows 
a good fit to the data. Further quantitative discu- 
ssion on those straight lines \7ill he presented in 
a later section. 

4-, Through cross plotting of the resiiLts of Fig. 4-.1, 
fatigue strengths (strain amplitudes) at different 
cyclic lives are shown as functions of fibre orienta- 
tion in Fig. h*2. Also shown in the figure is a plot 
of static fracture strain as a function of fibre 
orientation. It is observed that the variations in the 
fatigue strength at different cyclic lives are similar 
to the variation in static strength (strength decrea- • 
sing with increasing fibre orientation). This indi- 
cates that a theory which predicts off-axis static 
strength of unidirectional composites, may, with minor 
modifications, be adopted to predict fatigue strength 
at a fixed cyclic life as has been proposed by Sims and 
Brogdon[ 25]. However, in the present case, the 
strengthsare given as a fracture strains. The only 
existing static strength theory in terms of strain, 
the maximum strain theory, has not been found to repre- 
sent the result adequately because this iiieory assumes 
that the failure modes do not interact. 




Fibre orientation, 0 (degree) 

Fig. 4.2 Variations of static and fatigue strengths with 
fibre orientation 
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5 . 


Residual static stiffness as obtained from the static 
tests on precycled specimens has teen plotted against 
loss of dynamic stiffness in Fig. h-,3. The data points 
correspond, to all strain amplitudes at each fibre 
orientation. Static stiffness has been normalised with 
respect to the static stiffness of a virgin specimen 
with corresponding fibre orientation whereas the dyna- 
mic stiffness is normalised by the first cycle stiffness. 


It is observed that all the points are very close to the 
strai^t line represented by 




A E 


1 - 




(4.1) 


'do 


It can, therefore, be concluded that normalised static 
stiffness equals the normalised dynamic stiffness. In 


view of this conclusion, one can obtain static stiff' 


ness from the measurements made during a fatigue test 
without interruption in fatigue tests. 


6. Normalised residual strength is plotted as a function 
of normalised residual stiffness in Fig. 4.4. The 
points correspond to all the strain amplitudes at 
different fibre orientations. Residual strength and 
stiffness have been normalised with respect to the 
corresponding values for virgin specimens. The data 
points are observed to fall below the straight line 


given by 



Longitudin 

Transvers 



AEc|/Edo(= AM/Mq) 

Fig.4.3 Normalised residual stiffness vs normalised 
loss in dynamic stiffness 
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However the points can be bounded between this straight 
line and a curve given by the following power law: 




= ( 1 - ^ ^ 


(^. 3 ) 


where AE/Sq is the normalised loss in static stiffness. 
Residual strength can be equivalently written as a 
function of normalised residual stiffhess as 

UZ " ^ ^ 


)3/2 


( 4 ^. 4 -) 


Bhesc results indicate that the residual strength decreases 
raster than the residual stiffness. The power law given 
by ®q. (4-. 3) or (4".4-) will be a good estimate (mostly 
ccnsdfvativo) for residual strength. In view of 
this observation and the preceeding observation 
(observation no. 5^), one can easily estimate the 
residual strength and stiffhess from dynamic stiffness 
measurement alone. 


4-, 2 THBOHIES OF FiiTIGUE FAILURE 

Ai almost infinite variety of laminates can be 
used for structural applications. Cnee it has been decided 
to use a specific laminate, one may obtain its fatigue character 
i sties through experiments. However, the experimental 
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methods, if used to obtain giii delines for choice of 
laminates, become time consuming and cost prohibitive. It 
is desirable to evolve procedures through which off-axis 
fatigue strength can be estimated either throu^ the 
fatigue strengths in the principal material directions or 
through the knowledge of off-axis static strength. 

Ilashin and Eotem f 24-1 have suggested the follow- 
ing correlation between the fatigue strength and the 
static strength of unidirectional composites: 

f (A, N, n, ©) ( 4 -. 5 ) 

where and are fatigue and static strengths res- 

pectively and f (A, N, n, 9) is a fimction of stress ratio 
A, fatigue life N, frequency of load cycling n and fibre 
orientation ©. They have suggested that the off-axis 
fatigue strength at a given cyclic life can be predicted 
from the fatigue strength in the transverse direction and 
shear fatigue strength at the same cyclic life and employ- 
ing the failure theory used to predict off-axis static 
strength. Thus dependence of ’f on can be obtained 
through the fatigue tests on specimens with two different 
fibre orientations (other than zero). Dependence of ’f* 
on cyclic life could not be expressed through a mathema- 
tical relation and has to be evaluated through additional 
tests. Thus the scope of this theory is limited. 
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More recently Sims and Brogdon [ 25 ] have extended 
the Tsai - Hill failure theory for static strength to 
fatigue strength. Their work has shown that the Tsai - 
Hill failure theory may be extended to predict off-axis 
fatigue strengths. However, like Hashin and ibtem, Sims 
and Brogdon have also not attempted to establish a close 
form dependence of fatigue strength on cj^clic life. 

Agarwal and Dally [ 6 1 noted that the S - N 
curve of an E glass epoxy cross ply material (Scotchply - 
1000) can be represented by the following simple equation: 

=: b + m log N (^.6) 

U 

where Ac is the stress range, is the ultimate tensile 
strength, ra and b are material constants. The experimen- 
tal data of Hahn and Kim [9] also show a good correlation 
with this relationsliip. However, the values of constants 
ra and b could not be related to the static properties 
of the materials. 

Another useful relationship to represent fatigue 
data is a power law: 

Ae = c 

where Ae is 'the strain range and k and c are mate- 
rial constants. This equation has been found to be very 
useful in predicting fatigue life of metallic materials 
C35, 361 . For most metals k is known to vary from 0.5 
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to 0 .6 and the value of c is related to the ductility 
of material. In this manner it is possible to predict 
fatif^UG behaviour of metals from their static properties, 
iic suits of Agarwal and Dally [ 6 1 and Hahn and Kim [91 bo 
follou Eq, (^.7) but constant k and c are not -univer- 
sal constant for all composites. Further, it has so far 
nob been possible to relate these constants to the static 
properties of materials. In the present -work constant m 
and b in Eq. (4.6) and k and c in Eq. (4,7) have been 
related to the static properties of materials. 

In order to match the present experimental data 
Eq. (4.6) can bo written in terms of the normalised strain 
as follows : 


= b + m log N (4,8) 

^f 

where e is the strain amplitude for a cyclic life N and 
is the strain at fracture in a static flexural test. 
Through a method of curve fitting it has been established 
that b is a constant and m is related to the static 
fracture strains 


b = 1.15 

(4.9) 


xrhere is given in percent strain. The value 1.1? 
for constant b indicates that the extrapolated fatigue 
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curve intersects the fatigue life of one cycle at a strain 
aF5)litudG higher than the fracture strain. This obviously 
means that Eq. (^.8) is not valid for very low cyclic life 
(loss than 10 ) , This observation is consistent with the 
results of Dharan [ 37, 38] and of Hahn and Kim [ 9 l. 
Dharan working with -unidirectional glass epoxy composites 
observed that in short fatigue life, applied stress level 
is only slightly dependent upon cyclic life making S-N 
curve nearly flat in this region. Results of Hahn and Kim 
on glass epoxy laminates show the best fit to Eq. (4.6) 
written in terms of normalised maximum stress with cons- 
tant ’b* being 1.1156. Predictionsof Eq. (4.8) with 
constants given by Eq, (4.9) are shown in Fig, 4,5 along 
with experimental res-ults. The figure shows a good corre- 
lation between experimental results and predicted values. 
It is interesting to note that the value of constant m 
for a different glass epoxy laminate used by Agarwal and 
Dally as predicted by Eq. (4,9) is - 0,0828 against the 
reported best fit value of - 0.0806, For the experimental 
results of Hahn and Kim, predicted and best fit values of 
•m* are -0,0783 and - 0.1201. Discrepancy in the two 
values may bo attributed to the fact that their results 
are with constant stress cycling. 

The power law given by Eq. (4.7) can be written 
in terms of normalised strain: 




c 
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(4,10) 



Through a method of curve fitting it has been established 
that c is a constant and k is related to the static 
fracture strain: 

c = 1.35 

, 0.08 (4.11) 



whore is again given in percent strain. The argu- 

ments, which were advanced in support of the constant b 
being different from 1, are once again valid for the cons- 
tant c being different from 1 . 

Predictions of Eq» (4,10) with the constant 
given by Eq. (4,11) are shown in Eig. 4,6 along with the 
present experimental results. The predictions compare 
very favourably with the experimental results. Equation 
(4,11) predicts a value of 0,055 for k for the material 
used by Agarwal and Dally against the reported best fit 
value of 0.0475» Their reported value of 0,97 for c 
is different from the constant 1,35 proposed here. For 
material of Hahn and Kim, the reported best fit value of 
c is 1.3597 which is in very good agreement with the 
proposed constant (1,35)* The reported best fit value of 
k is 0.0858 against the predicted value of 0.055. The 
discrepancy may be attributed to the fact that their tests 
were performed under stress controlled conditions. 
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In view of the ahovo discussions Eqs. (4- ,8) and 
(4.10) may he used to predict fatigue strength of compo- 
site materials. The constants in these equations can he 
evaluated from the knowledge of static fracture strain. 
Predictions of these laws are in good agreement with the 
present experimental results and also with limited results 
available in literature. However, applications of these 
laws to the design procedures should await further expe- 
rimental results on different types of composite materials 
so that universality of the constants is established with 
greater confidence. 



CHAPTER V 


CONCLUSIONS AND SCOPE FOR FUTURE VJOEK 
5.1 CONCLUSIONS 

Fatigue Uehaviour of uni directionally reinforced 
glass fibre epoxy composite in deflection controlled flexu- 
ral fatigue tests has been studied. The tests on the 
composite material fabricated in the laboratory by hand 
winding technique were performed on two fatigue testing 
machines specially designed, fabricated and instrumented_ 
for the purpose. Progressive fatigue damage was investi- 
gated through measurements of bending moments during 
fatigue tests as well as through static tests on precycled 
specimens. Based on the results discussed earlier the 
following important observations and conclusions can be 
made . 

1. Conventional strain amplitude versus cyclic life curves 
have been obtained for four different fibre orienta- 
tions. The curves, for longitudinal and transverse 
fatigue strength and that for fatigue strength at 45 
degree, have been drawn for fracture as the failure 
criterion. Whereas the curve for off-axis strength 
at 10 degree has been drawn with stabilization of 
stiffness as the failure criterion. For a given cyclic 
life, strain amplitude decreases as the fibre orientation 


increases 
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2. S-N curves representing different stages of fatigue 
damage have been obtained from the records of bending 
moment during fatigue cycling.. Based on the observed 
variation in stiffness, it has been suggested that 
different failure criteria should be used for diffe- 
rent fibre orientations. For longitudinal specimens, 
complete separation may be taken as the failure crite- 
rion, for transverse and 4-5 degree specimens sudden 
drop in stiffness is a more appropriate failure crite- 
rion and for 10 degree specimens stabilization in 
stiffness is the suggested failure criterion. 

3. Behaviour of 10 degree specimens is very peculiar in 
that the specimens do not fracture under strain con- 
trolled fatigue tests. However, complete fracture 
shotLld be expected to take place in these specimens 
when subjected to stress controlled fatigue tests. 

4-. In Icngitudinal specimens failure occurs by fracture 
of fibres whereas in transverse specimens failure is 
predominantly interface failure. At intermediate 
angles failure occurs due to combined effect of shear 
failure and interface failure. Fibre fracture is not 
observed even for small fibre orientation of 10 degree. 
At small angles (e.g., 10°), shear failure plays a more 
predominant role than the interface failure whereas at 
increasing angles (e.g., 4-5°), interface failure also 
becomes an important factor. 
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5. It is observed that in longitudinal and 10 degree speci- 
mens, loss In stiffness and strength are gradual vhereas 
those for 4-5 degree and transverse specimens are sudden. 
This is because in 45 degree and transverse specimens, 
interface which plays an important role in transmitting 
the load, fails suddenly. Moreover, due to predominance 
of interface in transverse specimens, sudden drop in 
stiffness and strength occurs very early in fatigue 
life (0.2 to 5^ of expected life) and is more severe 
(stiffness reduces to nearly 30 /^ and strength reduces 
to 16;^ of the virgin specimen) compared to the ones 
observed in 45 degree specimens where sudden drop in 
stiffness at 60 to 90 % of expected fatigue life reduces 
stiffness to about 50 ^ and strength to 35/^ of the 
corresponding values for a virgin specimen. 

6. Variations in the fatigue strengths at different cyclic 
lives are similar to the variation in static strengths 
with fibre orientation. Therefore, a theory which pre-_ 
diets off-axis static strength of unidirectional compo- 
sitos, may, with minor modifications, be adopted to 
predict fatigue strength at a fixed cyclic life, 

7. Residual static stiffness normalised witii the stiffness 
of a virgin specimen is equal to the dynamic stiffness 
normalised with the first cycle stiffness. 



136 


8, Residual strength at any stage during fatigue cycling 
can be bounded as follows : 


o 
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E. 


’E 


E, 


( 5 . 1 ) 


9 . 


U “o 

Fatigue strength (in terms of strain amplitude) can be 
related to the cyclic life through the following linear 
relation : 


e 

e. 


b + m .log N 


( 5 . 2 ) 


where e and e ^ are fatigue and static fracture 
strains of the composite respectively and m and b 
are given by the following relations : 

1.15 


b 


m 


' 0.12 


( 5 . 3 ) 


in uhich is given in percent strain, 


Fatigue strength can also be related to cyclic 
life through the following power law: 


F 


■where 


■k 


= c 
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k 


1.35 


0.08 
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( 5 . 5 ) 


where again ef is given in percent strain, 



5.2 SUGGESTED FUTUEE RESEAuECH WOEK 
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In view of the fatigue results discussed in this 

thesis, it is suggested to carry further research work on 

the following lines: 

1 . Study of fatigue behaviour of unidirectional composites 
at different fibre orientations other than already 
studied. 

2. Verification of fatigue laws (Eqs 4.8 to 4,11) for the 
same glass epoxy system at different fibre orientations 
and also for other material systems, 

3* Study of fatigue behaviour of laminates and v^'^rification 
of fatigue laws for them, 

4. Development of a suitable static strength theory in 
terms of strains. This would enable to predict off- 
axis fatigue strength from static tests along the 
principal material axes only. 

5. Study of influence of different parameters on fatigue 
behaviour such as mean stress, environment conditions, 
volume fraction etc. 
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